Stress has complex effects on hippocampal structure and function, which consequently affects learning and memory. These effects are mediated in part by circulating glucocorticoids (GC) acting via the intracellular GC receptor (GR) and mineralocorticoid receptor (MR). Here, we investigated GC regulation of Krüppel-like factor 9 (KLF9), a transcription factor implicated in neuronal development and plasticity. Injection of corticosterone (CORT) in postnatal d 6 and 30 mice increased Klf9 mRNA and heteronuclear RNA by 1 h in the hippocampal region. Treatment of the mouse hippocampal cell line HT-22 with CORT caused a time-and dose-dependent increase in Klf9 mRNA. The CORT induction of Klf9 was resistant to protein synthesis inhibition, suggesting that Klf9 is a direct CORT-response gene. In support of this hypothesis, we identified two GR/MR response elements (GRE/MRE) located Ϫ6.1 and Ϫ5.3 kb relative to the transcription start site, and we verified their functionality by enhancer-reporter, gel shift, and chromatin immunoprecipitation assays. The Ϫ5.3-kb GRE/MRE is largely conserved across tetrapods, but conserved orthologs of the Ϫ6.1-kb GRE/MRE were only detected in therian mammals. GC treatment caused recruitment of the GR, histone hyperacetylation, and nucleosome removal at Klf9 upstream regions. Our findings support a predominant role for GR, with a minor contribution of MR, in the direct regulation of Klf9 acting via two GRE/MRE located in the 5Ј-flanking region of the gene. KLF9 may play a key role in GC actions on hippocampal development and plasticity. (Endocrinology 153: 5334 -5345, 2012) 
T
he hippocampus is an important target for the actions of circulating glucocorticoids (GC). GC actions on the hippocampus are complex: they may facilitate or impair hippocampal function by influencing cell survival, dendritic remodeling, and synaptic transmission (1, 2) . The actions of GC are mediated in large part by two nuclear receptors that function as ligand-activated transcription factors, the mineralocorticoid receptor (MR) and the GC receptor (GR) (3); both are highly expressed in the mammalian hippocampus (4, 5) . The MR and GR bind to DNA at hormone-response elements comprised of two hexanucleotide half-sites and they recruit coactivator or corepressor complexes that contain histone modifying enzymes (6, 7) . The histone modifications promote an open or closed chromatin environment, thereby influencing the rate of transcription (8) .
Stress hormones cause biochemical, physiological, and structural changes in neurons (9) . Several direct transcriptional targets of the GR have been identified in hippocampal neurons (10 -14) , but the mechanisms by which GC influence neuronal structure and function are poorly understood. Earlier we found that the transcription factor Krüppel-like factor 9 (KLF9) is a direct thyroid hormone (TH) target gene that is strongly up-regulated during post-natal brain development (15, 16) . The Klf9 gene is expressed in several rodent tissues, but highest expression is seen in the hippocampus and cerebellum of the developing brain (17) (18) (19) . Klf9 expression was detected in the hippocampus at postnatal day (PND) 1, which increased through PND 5, at which time there was distinct expression in the pyramidal cell layer; strong expression in the cortical layer of the cerebellum was detected at PND 7 (19) . Expression in the hippocampus peaked at PND 15, remained elevated through PND 30, but then declined in the adult to levels seen at PND5 (16, 19, 20) . The developmental increase in Klf9 expression parallels the postnatal rise in plasma TH seen in rodents (15, 16, 19 -21) , which supports findings that KLF9 functions as a key intermediary in TH actions on neuronal structure and function (15, 22) .
KLF9 plays a role in neuronal maturation and morphology, and hippocampal and cerebellar function. KLF9-deficient mice exhibited reduced dendritic arborization of cerebellar Purkinje cells (19) , delayed neuronal maturation and reduced neurogenesis-dependent long-term potentiation in the dentate gyrus (20) , and behavioral deficits consistent with abnormal functions of the amygdala, hippocampus, and cerebellum (19) .
We recently reported that Klf9 mRNA and protein were strongly induced in Xenopus brain by exposure to confinement/shaking stressor, which was blocked by treatment with mifepristone (RU486), or mimicked by injection of corticosterone (CORT) (23) . Datson et al. (11) recently found Klf9 to be induced by CORT in primary rat hippocampal neurons, and they provided evidence for two putative GR/MR binding sites in the Klf9 5Ј-flanking region. In the current study, we investigated the molecular basis for CORT regulation of Klf9 in mouse hippocampal neurons. We looked at whether CORT could induce Klf9 expression in mouse hippocampus in vivo, and in mouse hippocampal tissue culture cells, and we identified two evolutionarily conserved hormone-response elements in the Klf9 5Ј-flanking region to which the GR/MR bind to regulate Klf9 expression.
Materials and Methods

Animal care
We purchased adult wild-type C57/BL6J mice from The Jackson Laboratory (Bar Harbor, ME), and Dr. Fujii-Kuriyama kindly provided Klf9 mutant mice (Klf9 locus disrupted by insertion of LacZ) (19) . Mice were maintained on a 12-h light, 12-h dark photoperiod, given food and water ad libitum, and bred in the laboratory. We conducted histochemical staining for ␤-galactosidase using brains from 7-wk-old heterozygous Klf9 mutant mice. Wild-type mice of mixed sex at PND 6 or 30 were given ip injections of CORT (Sigma Chemical Co., St. Louis, MO) dissolved in corn oil vehicle at 14 mg/kg body weight; this dose is in the midrange of CORT doses reported in the literature to increase plasma CORT (24) . Control animals received vehicle or were unhandled. One hour after injection, animals were killed, and blood plasma and brains collected for analysis. We analyzed plasma [CORT] by radioimmunoassay as described (25, 26) . We microdissected the hippocampal region for Klf9 mRNA and heteronuclear RNA (hnRNA) analysis by RTqPCR (reverse transcription quantitative PCR). All experiments were conducted in accordance with the guidelines of the University Committee on the Use and Care of Animals at the University of Michigan.
RNA extraction, RT, and quantitative PCR
We extracted total RNA from HT-22 cells or the hippocampal region of PND 6 and 30 mice using the TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) following the manufacturer's protocol. We treated 1 g of total RNA with 20 U of ribonuclease-free deoxyribonuclease (DNAse) I (Roche, Indianapolis, IN) (27) before cDNA synthesis with the High Capacity Reverse Transcription kit (Invitrogen) with or without the addition of RT. For quantitative PCR, we designed TaqMan assays and conducted real-time PCR using ABsolute QPCR Low ROX Mix (ABgene Thermo Scientific, Surrey, UK). The Klf9 mRNA TaqMan assay spanned an exon/intron boundary, whereas the Klf9 hnRNA assay targeted the single intron (Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Treatment of RNA with DNAse I removed genomic DNA contamination, which was confirmed by the inclusion of ϪRT controls in the hnRNA analysis. Standard curves were constructed with a cDNA pool from HT-22 cell RNA to compare relative expression levels. Klf9 mRNA was normalized to GAPDH (TaqMan Assay no. 4352662; Applied Biosystems, Carlsbad, CA) mRNA, the expression of which did not change with hormone treatment.
Plasmid constructs
A chromatin immunoprecipitation (ChIP)-promoter DNA chip (ChIP-chip) assay for MR on chromatin from HEK293 cells that express myc-tagged human MR (HEK293-hMRϩ; for methods see Ref. 28 ) identified two regions of the upstream region of human Klf9 (Ziera, T., and S. Borden, unpublished data). Bioinformatic analysis revealed that both loci contain putative GR/MR response elements (GRE/MRE). These regions were isolated from human genomic DNA by PCR (Supplemental Table  2 ); one was 632 bp from Ϫ5771 to Ϫ5139 bp (fragment 1, centered at ϳ5.5kb), a second was 336 bp from Ϫ4211 to Ϫ3875 bp (fragment 2, centered at ϳ4 kb) relative to the transcription start site (TSS). DNA fragments were subcloned into the pGL4.23 vector (Promega, Madison, WI) at the XhoI and HindIII sites for testing in HEK293-hMRϩ cells (Supplemental Materials and Methods). The two orthologous regions of the mouse Klf9 gene, a 634-bp fragment (fragment 1) located Ϫ5776 to Ϫ6410 bp relative to the TSS and a 336-bp fragment (fragment 2) located Ϫ4566 to Ϫ4892 bp relative to the TSS, were isolated from mouse genomic DNA by PCR and subcloned into pGL4.23. An evolutionarily conserved 179-bp mouse genomic region (Ϫ5333 to Ϫ5154 bp relative to the TSS) that contained a GRE/ MRE identified by DNAse I footprinting (described below) was also isolated by PCR and subcloned into pGL4.23. We also isolated and subcloned into pGL4.23 a 1269-bp fragment of the mouse Klf9 gene (Ϫ6409 to Ϫ5140 relative to the TSS) spanning fragment 1 and the 179-bp evolutionarily conserved region. This construct included the two GRE/MRE at Ϫ6.1 and Ϫ5.3 kb described below. Plasmid constructs containing genomic DNA fragments with mutated GRE/MRE half-sites were generated using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA) following the manufacturer's protocol (Supplemental Table 3 ).
Cell culture and transient transfection assays
HT-22 is a cell line derived from mouse hippocampus immortalized with the simian virus 40 T antigen (29, 30) with properties of differentiated neurons (29 -32 We cultured HT-22 and HT-22/MR16 cells in DMEM (Invitrogen) supplemented with sodium bicarbonate (2.2 g/liter), penicillin G (100 U/ml), streptomycin sulfate (100 g/ml), and 10% fetal bovine serum (FBS) stripped of thyroid (34) and steroid hormones (35) . Cells were cultured under a humidified atmosphere of 5% CO 2 at 37 C. For gene expression analysis, we seeded cells at 2.5 ϫ 10 6 per well in six-well plates; for transient transfection assays, we seeded cells at 6.5 ϫ 10 4 per well in 24-well plates. At 80% confluency, and immediately before hormone treatments, we replaced the growth medium with serumfree DMEM. CORT (Sigma C2505), dexamethasone (DEX) (Sigma D1756), or ALDO (Sigma A9477) was dissolved in 100% ethanol and added to media to the final concentrations indicated below. RU486 (a GR antagonist; Sigma M8046) was dissolved in ethanol and added to wells to a final concentration of 0.5 or 1 M 1 h before hormone addition. Spironolactone (SPR) (a MR antagonist; Sigma S3378) was dissolved in ethanol and added to wells to a final concentration of 0.5 M 1 h before hormone addition. T 3 (Sigma T2752) was dissolved in dimethylsulfoxide. Control treatments received an equivalent concentration of vehicle (0.001% ethanol and 0.03% dimethylsulfoxide). All hormone treatments were continued for 4 h before cell harvest. Hormone treatment experiments were conducted at least two times with comparable results.
To determine whether hormone-dependent induction of Klf9 mRNA requires ongoing protein synthesis, we treated cells with 100 g/ml of cycloheximide (CHX) (Sigma Chemical Co.). This dose of CHX reduced protein synthesis by 98% in HT-22 cells (Bagamasbad, P., and R. Denver, unpublished data). We treated cells with CHX for 1 h before and during hormone treatment.
For luciferase reporter assays, we plated HT-22 cells in DMEM with hormone-stripped FBS and transfected at 50 -60% confluency with 300 ng of the pGL4.23 reporter constructs plus 20 ng of pRenilla plasmid using the FuGENE 6 transfection reagent (Roche). Immediately before transfection, the growth medium was replaced with medium containing hormonestripped FBS without penicillin/streptomycin, and cells were incubated with the transfection mixture overnight. Twenty-four hours after transfection, cells were changed to serum-free medium containing 100 nM CORT or vehicle for 4 h before harvest for luciferase activity using the dual luciferase assay kit (Promega). Each transfection experiment was conducted at least three times with four to five wells per treatment.
Electrophoretic mobility shift assay
We conducted EMSA as described (36) with recombinant human GR (hGR) generated using the TnT SP6 Quick Coupled Translation System (Promega). We programmed the reaction with 1 g of CMV-hGR expression plasmid (OriGene, Rockville, MD) and confirmed protein expression (36) . One microgram of duplex oligonucleotides (corresponding to the predicted GRE/MRE at Ϫ6.1 and Ϫ5.3 kb upstream of the TSS) (Supplemental Table 2 ) was labeled with 32 P-dCTP by Klenow fill-in for use as probes (50 K cpm/reaction) in EMSA. We conducted competitive EMSA with 1.5 M radioinert (ϳ1000-fold excess) wildtype or mutant GRE/MRE oligonucleotides (Supplemental Table 2). A 32 P-labeled mouse mammary tumor virus (MMTV) probe containing a well-characterized GRE was used as positive control for GR binding (Supplemental Table 3 ).
Fluorescent DNAse I footprinting
We conducted DNAse I footprinting as described (37) using the Promega Core Footprinting System protocol. We generated FAM or HEX fluorescent-labeled double-stranded DNA probes corresponding to the mouse Klf9 5Ј-flanking region (Ϫ5333 to Ϫ5154 bp; 179 bp). The region corresponding to the DNA binding domain (DBD) of the hGR was PCR amplified and subcloned into TOPO/pET151/D (Invitrogen) to make TOPO/pET151/DhGR-DBD. Bacterially expressed GR-DBD was purified using ProBond (Invitrogen). We combined 1 g of GR-DBD with 150 ng of HEX (green)-labeled probe in a 50-l digestion reaction. The FAM (blue)-labeled probe (150 ng) was digested in a 50 l of reaction without added GR-DBD. The two probe digestion reactions were then combined, extracted with phenol/chloroform, concentrated by ethanol precipitation, and analyzed by Big Dye Terminator Cycle sequencing (Applied Biosystems). Peaks in the chromatograms were assigned to specific nucleotides using FAM-labeled ddATP, ddCTP, ddGTP, or ddTTP in a manual sequencing reaction.
ChIP assay
We plated HT-22 cells in 100-mm plates in DMEM with hormone-stripped FBS. Cells at 90% confluency were treated with 100 nM CORT or ethanol vehicle in serum-free medium for 4 h before harvest for chromatin extraction. We also isolated chromatin from the hippocampal region of PND 6 mice 1 h after injection of CORT (14 mg/kg); control animals were left unhandled. Five micrograms of sheared chromatin were used for each reaction, and ChIP assay was conducted as described (16) . Polyclonal rabbit antiserum to mouse GR (5 g, M-20X; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), histone 3 (H3) (07-690, 5 l; Millipore, Billerica, MA), or antiacetylated H3 (AcH3) (06-599, 5 l; Millipore) was used for ChIP assay. ChIP samples were analyzed by quantitative real-time PCR using TaqMan primer/probe sets (Supplemental Table 1 ) targeted to different regions of the mouse Klf9 gene.
Data analysis and statistics
We analyzed data by one-way ANOVA followed by Tukey's pairwise comparisons test, or by Student's t test using the SYSTAT computer program (version 10; SPSS, Inc., Chicago, IL). Data from dual luciferase assays (firefly luciferase counts divided by Renilla luciferase counts) and ChIP assays (the ratio of ChIP signal to input) were log 10 transformed before statistical analysis. P Ͻ 0.05 was accepted as statistically significant. Gene expression data are reported as the mean Ϯ SEM. To predict putative GRE/MRE sites, we used the online programs Transcription Element Search System (TESS) (www.cbil.upenn.edu) and Match (www.gene-regulation. com/pub/programs.html#match) using a library of matrices from TRANSFAC 6.0 (www.gene-regulation.com) with core and matrix similarity of transcription factor binding sites set higher than 0.85. The conservation of the identified GRE/MRE and flanking sequences was assessed using BLAT (http://genome.ucsc.edu/). Extracted sequences were aligned using ClustalW. The percent similarity to mouse was calculated for the GRE/MRE half-sites, and nucleotide frequency diagrams were produced with Weblogo (http://weblogo.berkeley.edu/logo.cgi).
Results
Exogenous CORT increased Klf9 mRNA and hnRNA in mouse hippocampus in vivo
The Klf9 gene is expressed in all regions of the mouse hippocampus (Fig. 1A) (Fig 2C) . The mean Klf9 mRNA level was higher at 30 min after CORT exposure, was statistically significant at 1 h and was maximal by 2 h. The EC 50 (measured at 4 h) was 5.7 nM, and maximal response was at 30 nM. Klf9 is a direct thyroid hormone receptor target gene in rodent and frog (15, 16, 36, 38) . For comparison with the CORT response, we show that Klf9 is
FIG. 1. Injection of CORT increased
Klf9 mRNA and hnRNA levels in the hippocampal region of the postnatal mouse brain. A, A representative coronal section of the hippocampal region of a LacZ-Klf9 heterozygous mouse generated by insertion of LacZ within the coding region of the Klf9 gene (19) . Histochemistry was conducted for ␤-galactosidase with immunofluorescent detection using Cy3. B, PND 6 and 30 wild-type C57/BL6J mice were injected with vehicle (oil), CORT at a dose of 14 mg/kg bodyweight, or left unhandled. One hour after injection, animals were killed, the hippocampal region was dissected, and RNA extracted for measurement of Klf9 mRNA by RTqPCR (n ϭ 8 at PND 6 and n ϭ 5 at PND 30). C, PND 6 mice were injected with CORT as described above, and Klf9 hnRNA was measured by RTqPCR (n ϭ 8). Klf9 mRNA and hnRNA were normalized to the mRNA level of the housekeeping gene GAPDH. Bars represent the mean Ϯ SEM, and letters above the means indicate significant differences among treatments (means with the same letter are not significantly different; Tukey's pairwise comparisons test; P Ͻ 0.05). DG, Dentate gyrus. regulated by T 3 in a time-and dose-dependent manner in HT-22 cells (Supplemental Fig. 1 ).
Hormone induction of Klf9 mRNA in HT-22 cells was resistant to protein synthesis inhibition, supporting that Klf9 is a direct hormone-response gene [control (ϪCHX): F (2,11) ϭ 81.63, P Ͻ 0.0001; CHX: F (2,11) ϭ 151.8; P Ͻ 0.001; ANOVA] (Fig. 3A) .
Both GR and MR can regulate the Klf9 gene, but the GR may predominate
CORT (100 nM) or the GR-selective agonist DEX (10 nM) caused similar increases in Klf9 mRNA (ϳ3-fold) measured at 4 h [ϪRU486: F (2,11) ϭ 42.40, P Ͻ 0.001; ANOVA] (Fig. 3B ) that could be blocked by cotreatment with the GR receptor antagonist RU486 [ϩRU486, F (2,11) ϭ 3.128] (Fig. 3B) . These data support that Klf9 can be regulated by the GR in HT-22 cells, but they do not exclude a role for MR in Klf9 regulation in other cell types, because HT-22 cells do not express functional MR (Rozeboom, A. M., and A. F. Seasholtz, unpublished data). Consistent with a lack of functional MR, HT-22 cells did not respond to ALDO (10 nM) (Fig. 3C) . (Fig. 3C) . The response to ALDO was dose dependent with an EC 50 of 25 nM [F (8, 35) (Fig. 3D ). This EC 50 is approximately five times greater than the EC 50 for CORT in HT-22 cells; ALDO concentrations more than 30 nM can activate the GR (41) .
To further investigate the contributions of GR vs. MR in the regulation of Klf9, we treated HT-22/MR16 cells with 25 nM CORT or ALDO with or without the GR-specific antagonist RU486 (500 nM), the MR-specific antagonist SPR (500 nM), or RU486 plus SPR (Supplemental Fig. 2 ). We chose a dose of 25 nM for both hormones, because this dose is the EC 50 for ALDO action on Klf9 mRNA in HT-22/MR16 cells. Treatment with RU496 plus SPR in the absence of hormone caused a small, but statistically significant, elevation in Klf9 mRNA [F (3, 11) ϭ 8.784, P Ͻ 0.01]. Both CORT and ALDO increased Klf9 mRNA [F (2, 11) ϭ 27.891, P Ͻ 0.0001; ANOVA], although the response to ALDO was significantly lower than for CORT (P Ͻ 0.001; Tukey's). RU486 reduced the response to CORT (P Ͻ 0.01; Tukey's) but did not affect the ALDO response, supporting that the action of ALDO is via the MR. The mean CORT and ALDO responses were lower in the presence of SPR but were not statistically significant. RU486 plus SPR reduced the response to CORT [F (3, 15) ϭ 8.073, P Ͻ 0.01], which was significantly lower than SPR alone but was not significantly different from RU486 alone, supporting that the major action of CORT on Klf9 is via the GR. The effect of cotreatment with RU486 plus SPR on the ALDO response was not different from SPR alone.
Identification of functional GRE/MRE in the human and mouse Klf9 genes
A ChIP-chip assay for MR on chromatin from HEK293-hMRϩ cells identified two MR binding sites in the 5Ј-flank- ing region of the human Klf9 gene (Ziera, T., and S. Borden, unpublished data). One region (fragment 1) was centered at approximately Ϫ5.5 kb and a second (fragment 2) at approximately Ϫ4 kb relative to the TSS. Both regions were cloned into pGL4.23 to determine whether these regions support corticosteroid-dependent transcriptional activation. Enhancer-reporter assays in HEK293-hMRϩ cells showed that only fragment 1 was activated by ALDO, and this response was blocked by the MR-specific antagonist RU26752 (Supplemental Fig. 3 ). This genomic region is highly conserved between human and mouse. In silico analysis of the human Klf9 fragment 1 using TESS and Match identified a near perfect palindromic GRE/MRE full site that is completely conserved between mouse (mKlf9 GRE/MRE 6.1) and human (Ϫ5474 bp in human, hKlf9 GRE/MRE 5.5; Fig.  4A , partial sequence of the 600-bp fragment shown). The GR bound the mouse Klf9 GRE/MRE-6.1 probe in EMSA, and this binding was competed by radioinert wild-type, but not mutant, GRE/MRE-6.1 oligonucleotide, thus confirming the specificity of binding (Fig. 4B) .
We cloned the region of the mouse Klf9 gene (mKlf9 634-bp fragment, Ϫ6410 to Ϫ5776 bp) orthologous to human fragment 1 and compared the ability of the mouse and human sequences to support CORT-dependent transactivation in transient transfection assays in HT-22 cells. Both the human and mouse Klf9 gene fragments supported CORT-dependent transactivation (hKlf9 GRE/ MRE-5.5, 3.3-fold activation, P Ͻ 0.0001; mKlf9 GRE/ MRE-6.1, 2.6-fold activation, P Ͻ 0.0001; Student's t test) (Fig. 4C) . Mutation of each half-site of the mouse Klf9 GRE/MRE-6.1 abolished CORT responsiveness (Fig. 4C) .
Earlier we found stressor and CORT-dependent regulation of the Klf9 gene in Xenopus (23), but we were unable to identify a GRE/MRE in a similar region of the frog gene (Xenopus tropicalis genome version 4.1). In a sepa-
FIG. 3. Induction of Klf9 mRNA by CORT in HT-22 cells is resistant to protein synthesis inhibition. Klf9 can be regulated by the GR or by the MR.
A, HT-22 cells were treated with or without CHX (100 g/ml) for 30 min before addition of CORT (100 nM) or T 3 (30 nM). Treatment with CHX plus hormones was continued for 4 h before cell harvest for analysis of Klf9 mRNA. We used T 3 as a positive control, because earlier we showed that Klf9 is a direct TR target gene (16) . B, HT-22 cells were cultured in the presence or absence of the GR-selective antagonist RU486 (1 M) for 1 h before the addition of vehicle (100% EtOH), 100 nM CORT, or 10 nM of the GR-selective agonist DEX. Hormone treatment was continued for 4 h before cell harvest and analysis of Klf9 mRNA. C, HT-22 and HT-22/MR16 cells were treated with vehicle (100% EtOH), 100 nM CORT, 10 nM DEX, or 10 nM ALDO for 4 h before cell harvest for analysis of Klf9 mRNA. D, HT-22/MR16 were treated with increasing concentrations of the MRselective agonist ALDO for 4 h before cell harvest for analysis of Klf9 mRNA. In each experiment, cells were treated with the hormone doses for the times indicated before cell harvest, RNA extraction, and gene expression analysis by RTqPCR. Klf9 mRNA was normalized to the mRNA level of the housekeeping gene GAPDH. Bars represent the mean Ϯ SEM (n ϭ 4), and letters above the means indicate significant differences among hormone concentrations or time point (means with the same letter are not significantly different; Tukey's pairwise comparison test; P Ͻ 0.05). *, P Ͻ 0.05 (Student's t test).
rate study looking for CORT-responsive regions of the frog Klf9 gene, we discovered that a region Ϫ6 to Ϫ5 kb relative to the TSS was CORT responsive (Bagamasbad, P., and R. J. Denver, unpublished data). Sequence comparison revealed an approximately 180-bp sequence within this region that was highly conserved between frog and mammalian Klf9 genes. This region of the frog Klf9 gene was previously reported to possess a T 3 -response element (T 3 RE) (42) . Through DNAse I footprinting with GR-DBD of the orthologous mouse genomic region (179-bp fragment), we identified a GRE/MRE full site that is highly conserved across tetrapods (centered at Ϫ5285 bp in mouse, Ϫ4634 bp in human, and Ϫ5957 bp in frog Klf9 genes) (Fig. 5, A and B) . We designated this mouse GRE/MRE-5.3 and confirmed that GR bound this sequence in EMSA (Fig. 5C) . Binding of GR to the GRE/ MRE-5.3 probe was competed by radioinert wild-type, but not by mutant, GRE/MRE-5.3 oligonucleotide, thus confirming the specificity of binding (Fig. 5C) . The 179-bp fragment of the mouse Klf9 gene supported CORT-dependent transactivation in enhancer-reporter assays in HT-22 cells (Fig. 5D) . Mutation of both half-sites of the GRE/MRE-5.3 reduced, but did not eliminate, CORTdependent transactivation (P Ͻ 0.05, Student's t test) (Fig.  5D) . The CORT-dependent activity of an enhancer-reporter plasmid containing a 1269-bp Klf9 DNA fragment spanning the two identified GRE/MRE sites was not different from plasmids containing the individual response elements (Supplemental Fig. 4) .
ChIP assay conducted with chromatin extracted from the hippocampal region of PND 6 mice showed GR association at both the GRE/MRE-6.1 and GRE/MRE-5.3 regions, which was increased by CORT injection (P Ͻ 0.05, Student's t test) (Fig. 6A) . By comparison, there was no significant GR ChIP signal at the Klf9 intronic region (ϩ11 kb from the TSS). In HT-22 cells, AcH3 was substantially greater at the two GRE/MRE regions compared with the intron. Treatment of cells with CORT for 4 h increased H3 acetylation at the GRE/MRE-5.3 (P Ͻ 0.01, Student's t test) but not at the GRE/MRE-6.1 or at the intron (Fig. 6B,  top panel) . Treatment with CORT decreased H3 association but only at the GRE/MRE-5.3 (P Ͻ 0.01, Student's t test) (Fig. 6B, bottom panel) . 8 and 9) . The GR binding to the MMTV probe was competed with 1.5 M radioinert MMTV oligonucleotide (lane 9). The supershifted bands indicated by the arrows are the GR-bound probe. C, pGL4.23 reporter constructs containing the human GRE/MRE-5.5, mouse GRE/MRE-6.1, and corresponding half-site mutants (X; A, 5Јhalf-site and B, 3Јhalf-site) of the mouse GRE/MRE-6.1 were transfected into HT-22 cells. Cells were treated with CORT for 4 h before harvest and analysis by dual luciferase assay. Bars represent the mean Ϯ SEM (n ϭ 5). Asterisks indicate statistically significant differences between vehicle (control) and CORT-treated cells for each enhancer-reporter construct (P Ͻ 0.0001; Student's t test).
Evolutionary conservation of the GRE/MRE in vertebrate Klf9 genes
Bioinformatic analysis of the two GRE/MRE identified in this study (Ϫ5.3 and Ϫ6.1 kb in mouse) showed that these sequences are highly conserved across species. Both half-sites of the mouse GRE/MRE-5.3 are identical across several orders of mammals, a representative lizard, and a frog (Fig. 7) . There are two nucleotide substitutions in one of the half-sites in zebra finch. We located an orthologous region in galliform genomes (chicken and turkey), but the putative GRE/MRE sequences were highly divergent and included an insertion mutation in the half-site spacer region. We were unable to identify a region orthologous to GRE/MRE-5.3 in ray-finned fish. The GRE/MRE-6.1 is highly conserved across therian mammals, with only a single base substitution in a half-site between marsupials and eutherians (Fig. 7) . This GRE/MRE occurs within an approximately 150-base region that is also mostly conserved across therians. We could not identify an orthologous region, nor a GRE/MRE-6.1 in the genomes of a monotreme (platypus), birds (zebra finch, chicken, and turkey), a lizard (anole), clawed frogs, or fish (puffer fish, zebra fish, or stickle back).
Discussion
Glucocorticoids exert profound and complex actions on the central nervous system, many of which are mediated by the GR and MR. However, the genes regulated by GR and MR, and roles for the protein products of these genes in central nervous system development and function, are poorly understood. Here, we describe the identification and functional characterization of two GRE/MRE in Klf9, a GC-inducible gene in hippocampal neurons that codes for a transcription factor known to play a role in neuronal structure and function (15, 19, 20, 22, 23, 43) . We found that the mouse Klf9 gene is induced by GC in vivo and in the hippocampal-derived cell line HT-22. The GR is recruited to Klf9 upstream regions in a hormone-dependent manner, leading to histone acetylation and nucleosome eviction at the GRE/MRE-5.3, consistent with GC promoting an open chromatin structure at the Klf9 locus. These results agree with our previous findings in Xenopus, where exposure to handling/shaking stressor or injection of CORT caused rapid increases in Klf9 mRNA and protein in frog brain (23) . Increased levels of Klf9 hnRNA in mouse brain in vivo and in HT-22 cells show that CORT increased transcription of the Klf9 gene. Also, the rapid kinetics of CORTdependent up-regulation of Klf9 mRNA in HT-22 cells, and the resistance to protein synthesis inhibition, support that CORT regulation of Klf9 transcription is direct. Regulation of Klf9 by GR is supported by induction of Klf9 mRNA by the GR-specific agonist DEX and blockade of DEX and CORT responses by the GR-specific antagonist RU486. These results parallel our findings in Xenopus, where stressor-induced increases in Klf9 mRNA in vivo, or CORT-dependent responses in XTC-2 cells, were completely blocked by RU486 (23) .
Our findings in mouse and frog support that Klf9 is regulated by the GR. We also provide evidence that mammalian Klf9 genes can be regulated by the MR, although the GR may predominate. ALDO caused a small, but significant, increase in Klf9 mRNA in HT-22/MR16 cells. However, this induction was significantly less than the CORT-mediated increase. In addition, CORT-dependent induction of Klf9 mRNA in HT-22/MR16 cells was blocked by the GR antagonist RU486 but not by the MR antagonist SPR. Taken together, we conclude that although the MR may contribute to the regulation of Klf9, this action is less important than the GR and may be dependent on the sequence of the GRE/ MRE, the cell type, and perhaps the MR:GR ratio.
KLF9 is directly regulated by GC in hippocampal neurons via two GRE/ MRE located in the 5Ј-flanking region of the gene. A ChIP-chip assay identified a GRE/MRE located at Ϫ5.5 kb in human Klf9, and we confirmed its presence in an orthologous region of the mouse genome (at Ϫ6.1 kb) and the functionality of this response element in both species. This sequence, comprising a GRE/MRE of two half-sites with a three base spacer (see Fig. 3B ), was earlier found by So et al. (44) to be bound by GR in mouse C 3 H10T1/2 mesenchymal stem-like cells. Comparative sequence analysis showed that the GRE/MRE-6.1 is conserved among several orders of therian mammals but is not found in monotremes or other vertebrates. Datson et al. (11) recently found that GR binds to this region in rat hippocampal cells. We extend their findings by showing that this sequence supports hormonedependent transactivation, which is abolished by point mutation of the half-sites; that GR binds to this sequence in vitro; and that GR associates with this genomic region in a hormone-dependent manner in vivo. We also show the therian origin of this response element and conservation over more than 160 million years in mammals (Fig. 7) .
We identified a second GRE/MRE located at Ϫ5.3 kb in the mouse Klf9 gene (ϳ800 bp downstream of the GRE/ MRE-6.1). This region was not bound by MR in a ChIPchip assay of chromatin isolated from HEK293-hMRϩ cells (Ziera, T., and S. Borden, unpublished data); we identified it in a promoter-reporter scan of the Xenopus Klf9 5Ј-flanking region. The orthologous region of the mouse gene supported GC-dependent transactivation, so we conducted DNAse I footprinting and subsequently identified a GRE/MRE full site. The GRE/MRE-5.3 half-sites are 100% conserved across several mammalian orders, a lizard, and a frog. Datson et al. (11) recently found evidence for a GRE/MRE in this region of the rat Klf9 gene. We extend their findings by confirming its functionality and FIG. 6. CORT promotes GR association, H3 acetylation, and nucleosome eviction at the 5Ј-flanking region of the mouse Klf9 gene. A, wild-type PND 6 mice were injected with CORT at a dose of 14 mg/kg bodyweight or left unhandled. One hour after injection, animals were killed, the hippocampal region was dissected, and chromatin extracted for GR ChIP assay. ChIP samples (n ϭ 9) were analyzed by RTqPCR using TaqMan assays that targeted the GRE/ MRE-6.1, GRE/MRE-5.3, or a distal intronic region (negative control) of the mouse Klf9 gene. Bars represent the mean ChIP signals expressed as a percentage of input. Statistical analysis was conducted on log 10 -transformed data, and the asterisks indicate statistically significant differences between unhandled and CORT-injected animals (P Ͻ 0.05; Student's t test). B, HT-22 cells were treated with EtOH vehicle or 100 nM CORT for 4 h before harvest for chromatin extraction and ChIP assay for AcH3 (top panel) and H3 (bottom panel). ChIP samples (n ϭ 4) were analyzed by RTqPCR using TaqMan assays that target the GRE/MRE-6.1, GRE/MRE-5.3, or a distal intronic region (negative control) of the mouse Klf9 gene. Bars represent the mean ChIP signals expressed as a percentage of input. Statistical analysis was conducted on log 10 -transformed data, and the asterisks indicate statistically significant differences between vehicle (control) and CORT-treated cells (P Ͻ 0.01; Student's t test).
high degree of conservation over 370 million years of tetrapod evolution.
The GRE/MRE-5.3 is found within an evolutionarily conserved genomic region of approximately 180 bp located Ϫ5 to Ϫ6 kb relative to the TSS in vertebrate Klf9 genes. Outside of the coding region and the core promoter, there is no evolutionary conservation between frog and mammal Klf9 genes, suggesting that this approximately 180-bp sequence has been subject to strong stabilizing selection. In Xenopus, this approximately 180-bp region was earlier found to contain a functional T 3 RE, to which TR binds to induce Klf9 expression during tadpole metamorphosis (42) . We confirmed that the mouse has a homologous T 3 RE [Bagamasbad, P., and R. J. Denver, unpublished data; in addition to a T 3 RE at Ϫ3.8 kb relative to the TSS (16) ]. The approximately 180-bp sequence also contains an evolutionarily conserved, predicted GRE/ MRE half-site adjacent to the T 3 RE. However, this region was not protected by GR-DBD in DNAse I footprint assay. It is possible that the GR associates with the region of the T 3 RE through low-affinity DNA binding, or though protein-protein interactions, which could account for the residual CORT response observed when the GRE/MRE-5.3 was mutated.
ChIP assay showed greater GR association at the mouse GRE/MRE-5.3 compared with the GRE/MRE-6.1. This was accompanied by hormone-induced H3 acetylation at the GRE/MRE-5.3 but not at the GRE/MRE-6.1. H3 acetylation is a marker for transcriptionally active chromatin (8) and is necessary to promote nucleosome eviction and chromatin disassembly (45) . Consistent with this, we observed hormone-dependent nucleosome eviction (depletion of H3) at the region of the GRE/MRE-5.3 but not at the GRE/MRE-6.1. Although the GR associates with the GRE/MRE-6.1 in vivo and in vitro, and this sequence can support hormone-dependent transactivation, our findings of GR recruitment and histone modification suggest that the GRE/MRE-5.3 may be a more significant hormoneresponse element in vivo. This may reflect the location of the GRE/MRE-5.3 within the conserved approximately 180-bp genomic region, where other proteins, such as the liganded TR, bind to cis regulatory elements to promote an open chromatin structure, thereby allowing for greater GR recruitment and action (Bagamasbad, P., and R. J. Denver, unpublished data).
GC actions on the hippocampus require new protein synthesis achieved though transactivation of GC target genes by liganded GR or MR. Recently, some GR/MR genomic targets have been identified in hippocampal neurons (e.g. Ref. 11), but little is known about the function of their gene products in hippocampal cell physiology and structure. Earlier we showed that KLF9 is in the pathway induced by TH that promotes differentiation of neuronal cells (15, 22, 23) . Morita et al. (19) found that Klf9 null mice had reduced dendritic arborization of cerebellar Purkinje cells and behavioral abnormalities consistent with defects of the hippocampus, cerebellum, and amygdala. These mice also displayed impaired late-phase adult hip-
FIG. 7.
Origin and evolution of two GRE/MRE in vertebrate Klf9 genes. Phylogeny of vertebrate relationships with branch lengths scaled to average divergence time estimates (www.timetree.org). Arrows indicate the minimum origin of the Klf9 gene, and Klf9 GRE/MRE-5.3, and 6.1 (numbering based on the distance from the mouse Klf9 TSS). The GRE/MRE sequences for each taxon are shown to the right of the tree (when present). Half-sites are highlighted, and their percent similarities (Sim) to mouse are listed. The frequency of each nucleotide position for the taxa shown is depicted below its respective GRE/MRE alignment.
pocampal neurogenesis (20) , a critical component of hippocampal-dependent learning and memory (46) . Given that structural plasticity of the hippocampus is regarded to be the basis for learning and memory (47) and that Klf9 is regulated by corticosteroids and TH, and is highly expressed in the hippocampus, a brain region targeted by corticosteroids and influences neuronal morphology, we hypothesize that KLF9 functions as an important intermediate in the actions of stress and TH on hippocampal plasticity and consequently on learning and memory.
